Introduction
A two-component regulatory system is a basic stimulusresponse coupling mechanism by which microorganisms react to changes in diverse environmental conditions [1, 2] . The system is typically composed of a histidine kinase (HK) and a corresponding response regulator (RR) that are associated with sensing of a specific environmental stimulus and mediation of the cellular response, respectively.
Nowadays, information on DNA sequences of the fungal genome and various tools of its analysis have become useful resources for molecular genetic study of fungi. Comparative analysis of different fungal genomes have allowed us to identify genes encoding hybrid HK (HHK), in which the HK domain and the RR domain coexist on a single protein [3, 4] . Several studies demonstrated that the hybrid HKs regulate various processes, such as osmosensing, cell cycle control, and the morphological change from nonpathogenic to pathogenic forms [5] [6] [7] [8] [9] . Of particular interest, seven hybrid HK genes have been found in the genome of the human pathogen Cryptococcus neoformans. Among these HK genes, Tco1 and Tco2 are studied as key genes for mating and infection behavior [10] .
Despite the biological significance of HHK, its functions have not been explored in Ustilago maydis, an economically important phytopathogenic basidiomycete responsible for corn smut disease [11] . The haploid sporidia of U. maydis are non-infectious, and bud in a yeast-like manner. Genetically compatible sporidia of U. maydis mate and form dikaryotic hyphae, which infect the corn plant. In this study, UmTco1, a hybrid HK-encoding open reading frame similar to Tco1 of C. neoformans, was identified in the genome of U. maydis using a bioinformatics tool. U. maydis Tco1 mutants were constructed by allelic exchange using two compatible strains, and the possible roles of UmTco1 in the survival under various environmental stresses (e.g., osmotic stress and antifungal agents), cytokinesis, sexual development, and virulence of the maize smut fungus were explored.
Materials and Methods
Fungi, Plasmids, and Growth Conditions U. maydis fungi, bacteria, and plasmids employed for this study are given in Table 1 . The fungi were grown in potato dextrose (PD) broth or in PD broth with 2% (w/v) agar at 28°C. Complete medium [11] with hygromycin B (300 μg/ml) and carboxin (3 μg/ml) was also used for transformation experiments of U. maydis. To visualize dikaryotic filaments, compatible strains were grown (or spotted) on solid complete medium containing 1% activated charcoal at 25°C. Bacteria were cultured in Luria-Bertani (LB) broth or in LB agar at 37°C.
Extraction of Genomic DNA and Total RNA
Fungal genomic DNA was obtained from the cell pellets using a modified glass bead method [12] . Total RNA from various cultures was extracted and prepared using TRIzol reagent (Life Technologies, USA) and RNeasy plant mini kits (Qiagen, USA).
Identification of UmTco1
To identify the potential elements of a two-component system, the genome sequence of U. maydis was analyzed by BLAST searches for homologs with known fungal HHKs. Conserved protein domains were searched using the hidden Markov model in Pfam ver. 30.0. [13] . Phylogenetic analysis based on HK amino acid sequences was performed by the neighbor-joining method [14] using the PAUP program [15] . Bootstrap analysis was performed with 1,000 replicates. Each dataset was analyzed through a heuristic search with 100 random taxon additions. The E. coli HK amino acid sequence was used as an outgroup.
Disruption of UmTco1
UmTco1 was disrupted by transformation in two compatible U. maydis strains by a method based on overlap extension PCR [16] . The 5' (815 bp) and 3' (798 bp) regions flanking a predicted HK in the open reading frame of the UmTco1 gene were subject to PCR amplification with the genomic DNA of U. maydis 518 and the primer pairs T1-T2 and T3-T4 (Table 2) , respectively. The amplification of a hygromycin resistance cassette was achieved with the primer pair H1-H2 (Table 2 ) and pIC19R. The T2 and T3 primers were designed to have 15 nucleotides that are homologous to the hygromycin resistance cassette and positioned at their 5' ends. The resulting three PCR amplicons produced in the firststep PCR were combined at equimolar concentrations and used for overlap-extension PCR with the T1-T2 primer pair (Fig. S1A ). This overlap-extension PCR-prepared DNA product was sequenced to verify the construct and ligated directly into the pGEM-T easy vector to result in pTCO1mut (Δumtco1::hygB) ( Table 1) . Sequencing of the overlap-extension PCR product was undertaken in Macrogen Inc. (Korea). The pTCO1mut was linearized with NotI treatment and integrated into the chromosome of U. maydis by a protoplast-PEG-CaCl 2 procedure modified from a previously described method [17] .
Southern blot hybridizations were performed to confirm the replacement of UmTco1. Genomic DNA was cut using HindIII (NEB, UK) and electrophoresed in an 0.8% agarose gel. This electrophoresed product was alkaline transferred to Hybond N+ (Amersham Biosciences, UK). The DIG-labeled hygB gene probe (442 bp) was used for Southern blot analysis, and all procedures for the DIG application system (Roche, Switzerland) were conducted according to the the manufacturer's protocol.
Complementation of Δumtco1 Mutant
To complement the Δumtco1 mutant, the coding region of UmTco1 and its putative promoter region were PCR amplified with U. maydis 521 genomic DNA and TCOM1-TCOM2 primers ( Table 2 ). The PCR amplicon and pCM1052 [18] were cut with PacI and NotI. The obtained UmTco1 DNA fragments were subcloned into the linearized pCM1052 to result in pCMH1 ( Table 1 ). The pCMH1 was introduced into the Δumtco1 mutant strains by the protoplast procedure [17] . The empty pCM1052 was transformed into the Δumtco1 strains as a negative control. Carboxin-resistant clones were recovered on complete medium containing 3 μg/ml carboxin. PCR and sequencing were performed to confirm the integration of UmTco1 in the carboxin locus. The expression of the integrated UmTco1 was verified by qRT-PCR analysis.
Experiment of Stress Responses
Inoculum of the Ustilago strain was prepared by culturing in PD broth at 28 o C for 20 h. The cultured fungal cells were serially 1-10 4 diluted with distilled deionized water, and 3 μl of cell suspension was inoculated onto PDA medium containing each stress compound. For sensitivity test to an antifungal agent, fludioxonil, a synthetic compound of the phenylpyrrole group of substances, was used because it is a useful agent in seed treatment for fungal pathogens, including U. maydis. For the test, the PDA plate contained the indicated concentration of fludioxonil (100 mg/ml stock solution in dimethylsulfoxide; PESTANAL, Sigma-Aldrich, USA). For the osmosensitivity test, the PDA plate contained either 0.5 M NaCl or 1 M KCl. The inoculated PDA plate was cultured for 3 days at 28 o C.
Analysis of Multiple Budding
For the analysis of budding, U. maydis cells were cultured on PDA at 28 o C for 2 days, and then inoculated into 5 ml of PDB medium. These cultures were grown to saturation for overnight at 28 o C in a shaker with 200 rpm and diluted 1:100 into the same medium. For the SEM observation, cells were fixed using 2% Table 2 . Primers used in this study. 
UmTco1
For quantitative real-time PCR
The oligonucleotides were designed using the U. maydis 521 (GenBank accession number AACP00000000.1) genome sequence. Regions of oligonucleotides not complementary to the corresponding templates are underlined.
glutaraldehyde for 12 h and then 1% osmic acid for 1 h [19] . The fixed sample was washed with a 0.05 M cacodylate buffer and dehydrated by sequentially dipping for 30 min in each different ethanol concentration from 50% to 100%. The sample was dried using a Hitachi critical point dryer and painted with platinum palladium for 60 sec using an ion sputter (Hitachi, Japan). SEM was operated at 15 kV. Calcofluor white was used to detect cell wall components [20] . Samples were observed using an inverted fluorescence microscope (Nikon Eclipe TE2000-U, Japan) at 355 nm.
Mating and Pheromone Response Assays
Mating assays were performed on plates to observe the mating reaction and filamentous phenotype resulting from mutation in UmTco1. Compatible strains of U. maydis were cultured in PD broth at 28°C for 20 h. Equal volumes of the compatible cell types were mixed, and 5 μl aliquots were plated on complete agar medium supplemented with 1% activated charcoal at 25°C. A confrontation assay was used for indirect observation of the pheromone production and response [21] . Compatible wild-type strains and umtco1 mutants were cultured to optical density 1.0 at 600 nm and centrifuged at 6,000 rpm to concentrate the fungal cells (OD 6 0 0 , 2.0). Slide glasses covered with water agar were used for the confrontation assay for mating
One microliter of each cell suspension was spotted, confronting the other on water agar on a slide glass at a distance of 200 μm or less. The spotted slide glass was coated with 1 μl of paraffin oil and stored in a humid glass box for 18-23 h at 25°C. The assay was replicated three times.
Quantitative Real-Time PCR
Purified RNA was reverse transcribed using the SuperScript First-Strand Synthesis-System for RT-PCR (Invitrogen, USA) according to the manufacturer's recommendations with oligo(dT) primers. One hundred nanograms of cDNA was used for quantitative real-time PCR (qRT-PCR). The qRT-PCR consisted of 12.5 μl of SYBR Premix Extaq (Takara, Japan), 2 μl cDNA, and a pair of specific primers ( Table 2 ). The threshold cycle (Ct) values, which represent the PCR cycle at which fluorescence passes the threshold, were determined using the software provided with the TP800 apparatus. For normalization of the real-time PCR data, actin gene expression was used as the control at each time point. The experiment was repeated three times.
Virulence Test
Each compatible U. maydis strain was used for the virulence test. Plant inoculation was carried out as previously described [22, 23] with the maize (Zea mays) variety Early Golden Bantam. U. maydis strains were grown in YEPSL medium to an OD 6 0 0 of 0.6-0.9, harvested, and resuspended in water to an OD 6 0 0 of 2.0. Each compatible strain was mixed at a 1:1 ratio. Maize plants (7-day-old seedlings) grown in the greenhouse at 25 o C during the day were inoculated by stem injection using a 24-gauge syringe with approximately 100 μl of the mixtures [24] . Plants were scored for disease after 2 weeks. Categories for disease rating were as follows: no symptoms, chlorosis, small tumors of <1 mm in diameter, tumors of >1 mm in diameter that do not affect the growth axis of the plant, tumors of >1 mm in diameter that cause bending of infected stems, and dead plants. Based on the strongest symptoms, each infected plant was placed in one of these categories.
Statistical Analysis
Data were subjected to one-way analysis of variance in SPSS. The differences between groups were considered to be significant at p < 0.05 using Student's t test.
Results

Identification of U. maydis Tco1
Most fungi have hybrid HKs by which their dimorphic switch from nonpathogenic state to pathogenic state is regulated [25] . To explore the roles of HHK in the virulence of U. maydis, we searched for putative genes encoding HHKs on the U. maydis genome database. Through BLAST searches, we obtained six genes encoding HHKs (UM04756, UM04907, UM02739, UM03269, UM05732, and UM04773). In particular, the amino acid sequence deduced from an open reading frame of locus tag UM02739 exhibits a high level of identity (58%) with C. neoformans Tco1, a HHK, which is known to be essential for the fungal virulence. Furthermore, this putative U. maydis Tco1 contains histidine and aspartate residues for autophosphorylation at positions corresponding to those of C. neoformans Tco1 (Fig. S1 ). Sequence identities of the HK A domain and Rec domain in the putative Tco1 of U. maydis with those in Tco1 of C. neoformans were 88% and 61%, respectively. The nucleotide sequence identity between the full length of U. maydis Tco1 and that of other fungi ranged from 45% to 58% (Fig. 1) . Phylogenetic analysis of the 19 fungal HK amino acid sequences showed that the HKs could be divided into two major groups: Ascomycota and Basidiomycota (Fig. 2) . These results suggest that fungal HKs are conserved between the two phyla. The putative U. maydis Tco1 was closely grouped with Basidiomycota. The combined bioinformatics analyses suggested that the putative Tco1 of U. maydis is a HHK gene and thereby was named as U. maydis Tco1 (UmTco1).
Construction of U. maydis tco1 Mutant
To further characterize the function of UmTco1 in U. maydis, isogenic disruption Δumtco1 mutants were constructed by allelic exchange (Fig. S2A) . A double crossover, by which the wild-type UmTco1 gene was replaced with the Δumtco1::hygB allele, was confirmed by PCR (Fig. S2B) . Each PCR analysis of genomic DNA from the wild-type 518 and wild-type 521 with primers T1 and T4 (Table 2) produced 2.1 kb fragments, whereas each genomic DNA from Δumtco1 518 and Δumtco1 521 mutants resulted in amplification of DNA fragments of approximately 4.2 kb in length (Fig. S2B) . The size of 4.2 kb fragments was in good agreement with the predicted size of the DNA fragment containing both the wild-type UmTco1 (1.6 kb) and hygB genes (2.6 kb). Integration of the hygB gene into the U. maydis genome was also confirmed by Southern blot hybridization (Fig. S1C) . qRT-PCR results showed that the UmTco1 gene was expressed in both the wild-type 518 and 521 strains, but not in the Δumtco1 518 and Δumtco1 521 mutant strains (Fig. S1D) . These results confirmed the disruption of the UmTco1 gene in the Δumtco1 518 and Δumtco1 521 mutant strains.
Fungal Growth on Axenic Medium
To explore the effect of UmTco1 disruption in the cell growth of U. maydis, the growth of Δumtco1 mutant strains in PD broth media were compared with that of the compatible wild-type strains. The Δumtco1 mutant strains did not show remarkable defects in growth rate in PD broth media (Fig. 3) . These results suggest that UmTco1 does not have a conspicuous effect on vegetative growth of U. maydis.
Phenotypic Analysis of Δumtco1 Strains
Phenotypic characterization included the use of several stress conditions on PDA at different cellular concentrations. The Δumtco1 mutant strains were hypersensitive to hyperosmotic shock (Fig. 4) . In response to hyperosmolarity, the Δumtco1 strains showed susceptibility to high concentrations of both NaCl and KCl. Interestingly, the Δumtco1 strains showed increased resistance to fludioxonil (Fig. 4) . These phenotypes were returned to those of the wild strains when the disruption strains were complemented with the wild copy of UmTco1. These results demonstrated that the deficiency of the survival under hyperosmotic The growth of compatible Δumtco1 mutant strains on potato dextrose broth was not significantly reduced compared with the wild-type strains. Growth rates were monitored via OD stress and the antifungal susceptibility in Δumtco1 strains result from inactivation of UmTco1 rather than from any polar effects on genes downstream of UmTco1.
Multiple Budding Phenotype of Δumtco1 Strains
An interesting phenotype of the Δumtco1 strains was observed both on the culture plate and the broth culture. The Δumtco1 strains grown in PD broth showed a distinctive phenotype in which mother and daughter cells remained attached in clusters of more than two cells, and lateral sites as well as apical sites were used for bud formation (Fig. 5A ). These cells also showed a high percentage in the Δumtco1 strains (Table 3 ). The phenotype was referred to as multiple budding and apparently resulted from the failure of cytokinesis of mother and daughter cells prior to the formation of subsequent buds. Calcofluor white is a chitinbinding aniline dye that has been demonstrated to uniformly stain the cell wall of U. maydis. The staining revealed massive delocalized deposition of cell wall materials in the Δumtco1 strains (Fig. 5B) . Therefore, these results suggest that UmTco1 plays an important role in the cytokinesis of mother and daughter cells required for multiple budding in U. maydis.
Effects of the UmTco1 Disruption on Sexual Development
In order to explore the roles of UmTco1 in the filamentous growth of U. maydis in response to mating interactions, U. maydis strains carrying different specificities at both the a and b mating-type loci were inoculated on complete medium containing activated charcoal. As shown in Fig. 6A , formation of dikaryotic hyphae was found from the mating of compatible haploid strains of the wild-type 518 and 521 strains. However, the formation of dikaryotic hyphae was not found in the mating of the combination of the compatible haploid strains carrying the Δumtco1::hygB allele, indicating that U. maydis Tco1 plays an essential role in the establishment of the filamentous growth for the cell fusion. Fig. 4 . Phenotypes of U. maydis wild-type, Δumtco1 mutant, and complemented strains grown at different stress conditions. Each U. maydis strain grown to mid-logarithmic phase in PD medium was 10-fold serially diluted (1-10 4 dilutions), and 3 μl of each cell suspension was spotted on PDA medium containing 0.5 M NaCl, 1 M KCl, and 50 μg/ml fludioxonil, respectively. Plates were further incubated for 2-3 days at 28°C and photographed. To restore the impaired formation of dikaryotic hyphae in Δumtco1 518 and 521 mutant strains, the complete UmTco1 coding region was reintroduced into each of the Δumtco1 strains using pCMH1. Carboxin resistant ∆umtco1 518::UmTco1 and Δumtco1 521::UmTco1 strains were obtained on CM agar plates containing 3 μg/ml carboxin (Fig. S3A) . PCR analysis of the wild-type, the disrupted mutant, and the carboxin-resistant strains showed that the carboxinresistant strains have the introduced UmTco1 gene (Fig. S3B) . qRT-PCR results showed that the UmTco1 gene did not express in the Δumtco1 518 and Δumtco1 521 mutant strains but expressed in the carboxin-resistant Δumtco1 518::UmTco1 and Δumtco1 521::UmTco1 strains (Fig. S3C) . These results confirmed that the Δumtco1 518 and Δumtco1 521 mutant strains were complemented with the UmTco1 gene. These complemented Δumtco1 518::UmTco1 and Δumtco1 521::UmTco1 strains were able to restore their ability of formation of the dikaryotic hyphae through mating (Fig. 6A) . Consequently, it was concluded that attenuated formation of the dikaryotic hyphae in the combination of the compatible Δumtco1 strains resulted from the inactivation of functional UmTco1 rather than from any polar effects on genes downstream of UmTco1.
Pheromone production and response have been known to be essential steps in the establishment of filamentous growth of U. maydis that is responsible for infection of maize [21] . Therefore, we hypothesized that the different levels of the formation of dikaryotic hyphae observed in the combination of the compatible wild-type strains and Δumtco1 strains could be the result of the difference in their altered pheromone response and production. To examine this hypothesis, the filaments produced by pheromone (A) The strains indicated on the left were spotted on complete medium with charcoal. Formation of dikaryotic filaments from each compatible U. maydis strain was observed under a stereoscopic microscope. (B) Pheromone response between compatible U. maydis strains was measured using a confrontation assay. Cell drops of appropriate strains were spotted in close proximity on microscope slides covered with water agar. Filaments produced by the fungi were observed by a light microscope. WT 518 (pCM1052) and WT 521 (pCM1052), wild-type strains; Δumtco1 518 (pCM1052) and Δumtco1 521 (pCM1052), Δumtco1 mutant strains; ∆umtco1 518::UmTco1 (pCMH1) and ∆umtco1 521::UmTco1 (pCMH1), complemented strains.
production and the response between compatible Δumtco1 strains were observed using a confrontation mating assay, which allows the visualization of their growth towards a pheromone source. As shown in Fig. 6B , mating between wild-type 518 and 521 strains created conjugation tubes. On the other hand, formation of conjugation tubes between Δumtco1 518 and Δumtco1 521 was reduced significantly. However, complementation with a functional UmTco1 gene (pCMH1) allowed these compatible Δumtco1 mutants to restore the capacity for production of the conjugation tubes to the levels comparable to the wild-type. These observations agreed with the results obtained by mating assays. Consequently, the combined results suggested that UmTco1 is likely essential for pheromone production and response of U. maydis, which are required for the establishment of filamentous growth.
Effects of UmTco1 Disruption on Expression of the Genes Involved in the Pheromone Pathway
Based on the results of Fig. 6 , we further investigated whether disruption of UmTco1 affects the expression of Prf1, Pra1, and Mfa1, which are required for the pheromone production and response of U. maydis. For this investigation, the expression levels of Prf1, Pra1, and Mfa1 in each of the wild-type 521 and Δumtco1 521 strains grown in complete medium containing activated charcoal were assessed by qRT-PCR (Fig. 7) . Absolute expression levels of the Prf1, Pra1, and Mfa1 genes were 0.00059493, 0.04075229, and 0.289982 in wild-type 521, respectively, and in the Δumtco1 521 strain, expression levels of these genes were 0.00023176, 0.00001161, and 0.00021056, respectively. Compared with that in the wild-type 521, the expression levels of Prf1, Pra1, and Mfa1 decreased 2.6 (log 
Effect of UmTco1 Disruption on Virulence
To determine the effect of UmTco1 disruption on the virulence of U. maydis, maize plants were inoculated with compatible mating partners of the wild-type and Δumtco1 strains. The intensity of the virulence was determined according to the disease symptoms described in Materials and Methods. After 2 weeks, chlorosis and tumors were observed in 98% and 79%, respectively, of the plants inoculated with the compatible wild-type strains (Fig. 8B) . Large tumors associated with bent stem were found in more than 30% of the plants inoculated with the compatible wild-type strains. Additionally, more than 10% of the plants inoculated with the compatible wild-type strains were dead. However, disease symptoms such as tumor and plant death were not observed in the plants inoculated with the compatible Δumtco1 mutant strains (Fig. 8A) . Chlorosis was found only in 15% of the plants inoculated with the compatible Δumtco1 mutant strains. The pCMH1-complemented compatible strains ∆umtco1 518::UmTco1 and ∆umtco1 521::UmTco1 were able to increase disease symptoms such as chlorosis and tumors (Fig. 8B) . The combined results suggest that UmTco1 is essential for the virulence of U. maydis on the maize plants. Fig. 7 . Effects of mutation in UmTco1 on expression of genes required for the pheromone pathway.
The mRNA levels of Prf1, Pra1, and Mfa1 in the wild-type 521 and the Δumtco1 521 mutant were analyzed by qRT-PCR of the total RNA isolated from the fungi grown on charcoal-containing complete medium. Error bars represent standard deviations. Each column represents the mRNA expression level in the Δumtco1 521 mutant relative to that of the parental wild-type 521 strain. Locus tags are based on the database of the genome sequence of U. maydis 521, which was retrieved from GenBank (AACP00000000.1), and the products of the three genes are listed on the right.
Discussion
Fungal pathogenicity is a complex phenomenon that requires the products of many genes contributing not only to morphotype change but also to disease. Many pathogenic fungi regulate morphogenesis and pathogenesis through the HHKs, consisting of a HK to sense different environmental signals and a response regulator to adjust the cellular response by regulating the expression of the target genes [26] [27] [28] . In particular, the functions of HHK genes Tco1 and Tco2 have been well described in stress response, antifungal drug sensitivity, cytokinesis, sexual development, and virulence of fungal pathogens [10, 29] . A mutant of the HHK tco1 in C. neoformans leads to reduced virulence [10] . Moreover, disruption of Fos1 (os1-like HHK) in the lung pathogen Aspergillus fumigatus leads to a severe decrease in the level of virulence in the mouse model [30] . The human pathogenic yeast Candida albicans has three HHK genes; deletion of one of HHK genes decreases virulence in the mouse model [31] . Disruption of two-component pathway genes has also been found to reduce virulence in plant pathogens. Mutation of the RR rr1 from Fusarium graminearum and deletion of bos1 (os1-like HHK gene) from Botrytis cinerea significantly impaired the virulence of these organisms on their plant host [32, 33] . However, the roles of HHK genes on hyperosmotic stress, antifungal susceptibility, cytokinesis, sexual development, and virulence of U. maydis, a phytopathogenic basidiomycete causing corn smut disease, have not been characterized.
In this study, we have identified six putative HHKs encoded in the genome of U. maydis. Of note, an amino acid sequence deduced from an open reading frame (locus tag UM02739) was found to be highly similar to the amino acid sequence of Tco1 of C. neoformans. Hence, the roles of U. maydis Tco1 (UmTco1) were evaluated by the construction of a deletion mutant (∆umtco1) and by evaluating its effects on hyperosmotic stress, antifungal susceptibility, cytokinesis, sexual development, and virulence of U. maydis. We observed that ∆umtco1 strains exhibited hypersensitivity to hyperosmotic stress and increased resistance to the antifungal agent fludioxonil when compared with the wild-type strains. Mutation of UmTco1 resulted in defect of the survival of U. maydis under hyperosmotic stress, indicating that UmTco1 is essential for the survival under hyperosmotic stress. It is noteworthy that the high osmolarity glycerol (HOG) mitogen-activated protein kinase (MAPK) system in S. cerevisiae and C. neoformans is modulated by a Sln1(or Tco1)-Ypd1-Ssk1 two-component (A) Maize plants were inoculated with the U. maydis strains and disease symptoms were photographed using a digital imaging system. (B) Disease symptoms generated by inoculation of each compatible U. maydis strain are depicted with color in the Figure. One-week-old maize plants (n = 50) were inoculated using each compatible U. maydis strain. Disease symptoms were scored 14 days after inoculation. WT 518 (pCM1052) and WT 521 (pCM1052), wild-type strains; Δumtco1 518 (pCM1052) and Δumtco1 521 (pCM1052), Δumtco1 mutant strains; ∆umtco1 518:UmTco1 (pCMH1) and ∆umtco1 521::UmTco1 (pCMH1), complemented strains.
phosphorelay system [34] . Therefore, to explore if a similar system is operating in U. maydis, further study is required regarding the association of the HOG MAPK system and Tco1. In addition, we observed that deficiency of UmTco1 was responsible for resistance to fludioxonil. This antifungal drug resistance phenotype was similar to that of the C. neoformans tco1 mutant [10] . It is possible that mutation of UmTco1 might impair the expression of the genes involved in antifungal susceptibility in U. maydis, leading to an increase in the susceptibility.
Impaired multiple budding, filamentous growth, and pheromone response were also observed in the ∆umtco1 mutants. As a result of the present study, it is apparent that UmTco1 plays important roles in the cytokinesis and pheromone response, which are involved in the establishment of filamentous growth of U. maydis. Furthermore, this study demonstrated that UmTco1 is involved with Prf1, Pra1, and Mfa1 genes that are required for pheromone response. Consistent with this, the ∆umtco1 mutant showed decrease of filamentous growth and pheromone response. It would be interesting to see how cell challenge with a synthetic pheromone affects pheromone-dependent gene regulation.
It is not difficult to imagine that with UmTco1, U. maydis successfully infects the maize plants by a dimorphic switch from budding to filamentous growth in response to mating interactions. Consistent with this, the ∆umtco1 mutants were not able to cause the disease symptoms of smut, such as tumor and plant death in the maize plants. Therefore, it is imperative that the roles of the other five HHK genes on the pathogenesis of U. maydis, as well as on its survival in the various environmental stresses, nutrient starvation, and fungicide treatments, be further examined.
In conclusion, all the ∆umtco1 mutant strains exhibited deficiency of survival under hyperosmotic stress and increased resistance to an antifungal compound as well as impairment of cytokinesis. We observed defect in mating and virulence in the ∆umtco1 strains, indicating that U. maydis Tco1 plays an essential role in the establishment of filamentous growth for the cell fusion and in its pathogenesis. Our data here provide useful information of the role of UmTco1 in various environmental stresses, cytokinesis, sexual development, and virulence of U. maydis by demonstrating that UmTco1 is required for the survival under hyperosmotic stress, cytokinesis, and pheromone response by which U. maydis establishes filamentous growth, causing the successful infection of the maize plants. To our best knowledge, our study is the first report on a phytopathogenic basidiomycetous fungus.
